Crystalline silicon samples doped with carbon were irradiated with electrons and subsequently implanted with protons. Infrared-absorption measurements revealed local modes of hydrogen and carbon at 2967.4, 911.7, and 654.7 cm Ϫ1 , which originate from the same defect. Measurements on samples codoped with different carbon and hydrogen isotopes showed that the defect contains two equivalent carbon and two equivalent hydrogen atoms. From uniaxial stress measurements, the defect is found to display trigonal symmetry. Ab initio local-density-functional theory was applied to calculate the structure and local vibrational modes of defects with pairs of equivalent carbon and hydrogen atoms. Based on these results, the observed local modes are ascribed to a defect with two adjacent substitutional carbon atoms, each of which binds a hydrogen atom located between the carbon atoms.
I. INTRODUCTION
Hydrogen and carbon are common impurities in crystalline silicon, and readily form a variety of different point defects. [1] [2] [3] Among the most prominent are bond-centered hydrogen, 4 ,5 H BC , and substitutional carbon, 6 C s . Recently, defects that contain both elements were investigated both experimentally [7] [8] [9] [10] [11] and theoretically. 12 The first observation of such a defect was reported by Endrös, 7 using deep-level transient spectroscopy. Since then, a number of carbon-hydrogen-related defects were investigated by photoluminescence 8, 9 and infrared-absorption spectroscopy. 10, 11 Although significant progress has been achieved by these studies, the molecular structure of these defects remain unknown, apart from that giving rise to the T line in photoluminescence.
In this paper, we use both infrared-absorption techniques and ab initio modeling to determine the structure of a new carbon-hydrogen defect. The defect possesses local vibrational modes at 2967.4, 911.7, and 654.7 cm Ϫ1 . From uniaxial stress experiments together with an isotope substitution study, it is demonstrated that the defect has trigonal symmetry and contains two equivalent carbon atoms as well as a pair of equivalent hydrogen atoms. Ab initio calculations predict that the observed modes are consistent with the two carbon atoms located at adjacent lattice sites, with the two hydrogen atoms lying near the trigonal axis between the two carbon atoms. 12 C). Most samples had dimensions of ϳ10ϫ10ϫ2 mm 3 , whereas the uniaxial stress measurements were carried out on samples with dimensions of ϳ10ϫ2ϫ2 mm 3 , with the 2ϫ2-mm 2 surfaces normal to either a ͓100͔, ͓111͔, or ͓110͔ direction. All samples were mechanically polished on two opposing faces to ensure maximum transmission of infrared light. The concentrations of carbon and oxygen atoms were estimated from the intensities, measured at 10 K, of the local modes of C s at 607 cm Ϫ1 ( 12 C), 589 cm Ϫ1 ( 13 C) and of interstitial oxygen (O i ) at 1136 cm Ϫ1 ͑see Ref. 13͒. The Si: 12 C crystal was nearly intrinsic ͑high-resistivity, n-type͒ and contained 4.5ϫ10 17 cm Ϫ3 of 12 C and 1ϫ10 16 cm Ϫ3 of 16 O atoms. The Si:
II. EXPERIMENTAL DETAILS
13 C: 12 C crystal contained 8ϫ10 17 cm Ϫ3 of 13 C, 1 ϫ10 17 cm Ϫ3 of 12 C, and 1ϫ10 17 cm Ϫ3 of 16 O atoms. The Si:
13 C: 12 C crystal was n type, with a resistivity of 10 ⍀ cm, corresponding to a phosphorus concentration of 4 ϫ10 14 cm Ϫ3 . The infrared absorption lines investigated in this work are more intense if the samples are preirradiated with electrons at room temperature. Therefore, all samples discussed below were first irradiated with 2-MeV electrons supplied by a 5-MeV Escher-Holland-van de Graaff accelerator. The electrons were mass analyzed by a magnet, which deflected the beam into a 6-m-long beamline, forming an angle of ϳ15°with the exit beam from the accelerator. During the irradiation, the samples were mounted inside a vacuum chamber on a copper block, which was in good thermal contact with the cold finger of a closed-cycle helium cryocooler. The total irradiation dose was 8ϫ10 17 cm Ϫ2 , and the current density was kept below 2ϫ10 13 cm Ϫ2 s Ϫ1 to ensure that the temperature of the copper block did not rise above room temperature. The pressure in the vacuum chamber was below 10 Ϫ4 torr during irradiation. Each electron-irradiated sample was subsequently implanted with protons and/or deuterons at 40-60 different energies in the range 3-11 MeV for protons and 5-11 MeV for deuterons. The dose implanted at each energy was adjusted to yield an almost uniform concentration profile of each hydrogen isotope extending from 100 to 800 m below the surface for protons, and from 100 to 500 m for deuterons. The local concentration of protons or deuterons was 5ϫ10 17 cm Ϫ3 , and implantations were carried out through two opposing faces of the sample. One of the Si: 12 C samples was coimplanted with protons and deuterons in overlapping profiles to yield equal concentrations of 5ϫ10 17 cm Ϫ3 for both isotopes. During the implantation, the sample was mounted inside a vacuum chamber on a tantalum plate, which was in good thermal contact with the cold finger of a closed-cycle helium cryocooler. Thus the temperature of the sample could be controlled, and was kept close to room temperature during the implantation. The background pressure was below 10 Ϫ5 torr. In order to study the annealing behavior of the absorption lines, infrared absorbance spectra were recorded at 10 K after each step in a series of isochronal heat treatments ͑anneal-ings͒ at temperatures in the range 300-775°C. Each annealing was performed in a furnace purged with nitrogen gas and the duration of each treatment was 30 min.
B. Infrared-absorption measurements
The infrared absorbance spectra were recorded with a Nicolet, System 800, Fourier-transform spectrometer equipped with a Ge-on-KBr beamsplitter, a globar as a light source, and a mercury-cadmium-telluride detector. With this configuration, absorption measurements could be made in the frequency range 430-6000 cm Ϫ1 . The annealing and isotope substitution studies were performed using a closedcycle helium cryostat with CsI windows. The uniaxial stress measurements were carried out with a flow cryostat equipped with two sets of windows made of CsI and BaF 2 . Due to the strong absorption of BaF 2 below ϳ725 cm Ϫ1 , the spectral range was reduced accordingly in these experiments. In most cases, measurements were performed at 10 K with an apodized resolution of 1 cm Ϫ1 . The uniaxial stress measurement were carried out with a home-built stress rig mounted in the flow cryostat. The stress was supplied by a pneumatic cylinder and transferred via a push rod to the sample. A polarizer was placed between the sample and the detector, so that the absorption of infrared light polarized parallel and perpendicular to the applied force could be measured separately. The uniaxial stress measurements were performed at ϳ45 K with an apodized resolution of 1 cm Ϫ1 .
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III. RESULTS
A. General properties of the infrared absorption lines
After proton implantation of electron-irradiated Si: 12 C and subsequent annealing at 650°C, an absorption line at 2967.4 cm Ϫ1 is observed, as shown in Fig. 1͑a͒ . This line lies in the frequency range 2700-3100 cm Ϫ1 , which is typical for carbon-hydrogen stretch modes.
14 The 2967. CuH and 12 CuD units, respectively. Hence, the 2967.4-cm Ϫ1 line represents an LVM of hydrogen, presumably bound to carbon. The number of hydrogen atoms involved in the defect can be determined from the spectrum measured on the Si:
12 C sample coimplanted with protons and deuterons ͓see Fig.  1͑c͔͒ . Two additional lines at 2218.0 and 2996 cm Ϫ1 are observed in this spectrum, which strongly suggests that the defect contains two equivalent hydrogen atoms.
Direct evidence of the incorporation of carbon atoms in the center is obtained from the carbon isotope substitution experiment. Figure 1͑d͒ shows the absorbance spectra of the proton-implanted Si: C sample is implanted with deuterons, as shown in Fig. 1͑e͒ .
Thus, the defect responsible for the 2967.4-cm Ϫ1 mode comprises two equivalent hydrogen and two equivalent carbon atoms. This implies that the 2967.4-cm Ϫ1 mode cannot be the only local mode of this defect. The presence of carbon atoms suggests the existence of local modes in the range from 500 to 1100 cm Ϫ1 , which is characteristic of carbon defects in silicon. In addition, CuH bend mode͑s͒ may also be expected at approximately 800-1000 cm Ϫ1 . The results of the isochronal annealing experiments on the protonimplanted Si:
12 C sample, presented in Fig. 2 , show that such modes do exist. In Fig. 2͑a͒ , sections of the absorbance spectra recorded after each step in the annealing sequence are shown. It appears from the figure that the intensity of the 2967.4-cm Ϫ1 line correlates with those of two other lines at 654.7 and 911.7 cm Ϫ1 . Unfortunately, these lines overlap significantly with lines at 653.8 and 909.3 cm Ϫ1 , which dominate below 550°C. However, these obscuring lines are also present in the spectra recorded on the deuteriumimplanted Si: 12 C sample. Thus their line shapes could be determined and reliable annealing behaviors of the 654.7-and 911.7-cm Ϫ1 lines could be extracted from subtraction. In Fig. 2͑b͒ , the resulting annealing behaviors of the 654.7-, 911.7-, and 2967.4-cm Ϫ1 lines are compared. Within the limits of error, these annealing curves are indeed identical. Therefore, we ascribe all of them to the same defect. Spectra measured on the proton-implanted Si:
12 C and Si: 13 C: 12 C samples ͑see Fig. 3͒ reveal that when 12 C is substituted for by 13 C, the 654.7 cm Ϫ1 line shifts down to 637.1 cm Ϫ1 , and the 911.7-cm Ϫ1 line shifts to 908.4 cm Ϫ1 . The shift of the 654.7-cm Ϫ1 line strongly suggests that it originates from a stretch mode of a carbon atom, presumably bound to a silicon atom, whereas the isotope shift of the 911.7-cm Ϫ1 line, in conjunction with its frequency, indicates a CuH bend mode. We note that the spectrum of the Si: 13 C: 12 C sample in Fig. 3 is similar to those shown in Figs. 1͑d͒ and 1͑e͒, in the sense that weak lines, labeled by the star in Fig. 3 , appear about halfway between the modes originating from the configurations, which contain only 12 C atom or 13 C isotopes. These weak lines, we therefore suggest, arise from the configuration, which contains one 12 C and one 13 C atom. Sections of absorbance spectra measured on deuteronimplanted Si:
12 C after isochronal annealing at selected temperatures are shown in Fig. 4 . As can be seen from the figure, the line at 724 cm Ϫ1 has the same annealing behavior as the CuD stretch mode at 2211.1 cm Ϫ1 . None of the other resolved lines displays a similar dependence on annealing temperature. However, the annealing behavior of the 724-and 2211.1-cm Ϫ1 lines are in close agreement with that of the 654.7-, 911.7-, and 2967.4-cm Ϫ1 modes shown in Fig. 2 . This demonstrates that the 724-cm Ϫ1 line represents a LVM of our dicarbon-dihydrogen defect, but with the hydrogen atoms replaced by deuterium. From a similar annealing study of the deuterium-implanted Si: 13 C:
12 C sample, we find that the defect in the configuration with two 13 C atoms and two deuterium atoms possesses a local vibrational mode at 709 cm Ϫ1 , in addition to those at 2199.1 and 2204.0 cm Ϫ1 . No other modes of this configuration have been observed.
In the deuterium-implanted Si: 12 C sample, we expect only a slight shift to the SiuC mode at 654.7 cm Ϫ1 observed after proton implantation. Hence the 724-cm Ϫ1 mode cannot be a carbon mode, and is probably a deuterium-related mode. However, this implies that the corresponding CuH mode will lie at 724ϫ1.36ϭ984.6 cm Ϫ1 , which is far from the FIG. 2. ͑a͒ Sections of absorbance spectra measured at 10 K on electron-irradiated and subsequently proton-implanted Si: 12 C after annealing at 500, 550, 600, 650, 700, and 750°C. Note that the intensity in the spectral range from 647 to 663 cm Ϫ1 has been scaled down by a factor of 2. ͑b͒ Integrated absorbances of 654.7 cm Ϫ1 (᭹), 911.7 cm Ϫ1 (᭝), and 2967.4 cm Ϫ1 (᭺) shown as functions of annealing temperature. Note that the intensity of the 654.7 cm Ϫ1 line is scaled down by a factor of 7.
observed CuH bend mode at 911.7 cm Ϫ1 . The same arguments hold for the 637.1-and 709-cm Ϫ1 modes detected in the Si: 13 C:
12 C sample. If the 709-cm Ϫ1 mode is a deuteriumrelated mode, then this would imply that its hydrogen analogue lies at 964 cm Ϫ1 , in significant disagrreement with the 908.4-cm Ϫ1 mode. Hence, the nature of the 724-and 709-cm Ϫ1 modes is unclear. We shall return to this point in Sec. V B where a simple explanation is given.
B. Uniaxial stress measurements
The response of uniaxial stress on the 2967.4-and 911.7-cm Ϫ1 lines are depicted in Figs. 5 and 6, respectively. As mentioned in Sec. II B, our setup for the uniaxial stress measurements do not cover the spectral range below ϳ725 cm Ϫ1 , which explains why no data are presented for the 654.7-cm Ϫ1 line. Figure 5 shows that the 2967.4-cm
Ϫ1
line does not split under ͓100͔ stress, but splits into two components for ͓111͔ and ͓110͔ stresses. This strongly suggests that this line represents a one-dimensional mode of a trigonal defect. 15 The 911.7-cm Ϫ1 line splits under ͓100͔ stress into two components, which for a trigonal center implies that it is a two-dimensional mode. 16 The relative intensities of the split-induced components, measured with the light parallel and perpendicular to the applied stress, are also consistent with trigonal symmetry, as can be seen from the stickbars in Figs. 5 and 6, which define the positions and relative intensities for the stress-split components expected from the trigonal symmetry. 15, 16 It is evident from Fig. 5 that the frequencies of the stress-split components of the 2967.4-cm Ϫ1 line are not linear functions of the applied stress. Therefore, a quantitative analysis of the data must include terms of second order in the stress tensor components. For a transition between nondegenerate states of a trigonal defect, the frequency shift may be written as 15, 17 ⌬ϭA xx ͑ xx ϩ yy ͒ϩA zz zz ϩ 1 2 zzzz zz
where A i j and klmn are the piezospectroscopic tensors describing the linear and quadratic parts of the frequency shift, respectively. The complex coordinates ϭxϩiy and ϭx
Ϫiy are formally introduced to simplify the analysis. 17 As can be seen from Eq. ͑1͒, there are two and six independent components of the A i j and klmn tensors, respectively. From each of the five different 18 experimental curves in Fig. 5 , a linear term and a quadratic term can be extracted. Hence the A xx and A zz components can be determined from a fit to the experimental data, whereas an infinite set of ͕ klmn ͖ components can fit the data. The solid curves in Fig. 5 show a   FIG. 3 . Sections of absorbance spectra recorded at 10 K on electron-irradiated (8ϫ10 17 cm Ϫ2 ) and proton-implanted Si:
13 C: 12 C ͑a͒ and Si: 12 C ͑b͒. The samples were annealed at 650 and 725°C, respectively. Note that the line labeled ϫ in spectra ͑b͒ has disappeared in spectra ͑a͒ due to the higher annealing temperature of ͑a͒. The intensity in the spectral range from 900 to 920 cm Ϫ1 has been scaled up by a factor of 5. See the text .   FIG. 4 . Sections of absorbance spectra measured on electronirradiated (8ϫ10 17 cm Ϫ2 ) and subsequently deuterium-implanted Si:
12 C after annealing at 550, 600, 650, 700, and 750°C. Note that the intensity in the spectral range from 2190 to 2220 cm Ϫ1 has been scaled up by a factor of 4.
least-squares fit obtained with the klmn components fixed at one of the many values, yielding minimum deviation from the experimental data. The values obtained for A xx and A zz are Ϫ0.2Ϯ0.3 and 7.8Ϯ0.8 cm Ϫ1 /GPa, respectively. We note that within the limits of error, A xx is equal to zero, which means that stress applied perpendicular to the trigonal axis of the defect does not perturb the local mode significantly. Based on the uniaxial stress experiments we conclude that the 2967.4-cm Ϫ1 line represents a one-dimensional local mode, and the 911.7-cm Ϫ1 line a two-dimensional mode of a trigonal defect.
IV. AB INITIO CALCULATIONS
Our observations show that the defect responsible for the 2967.4-, 911.4-, and 654.7-cm Ϫ1 modes consists of two equivalent carbon and two equivalent hydrogen atoms, all lying on a trigonal axis. In order to establish a reasonable model for the atomic structure of the defect, two candidates, expected to comply with these properties, were studied by ab initio theory. For both structures, two carbon atoms occupy two adjacent lattice sites and each carbon binds to one hydrogen atom. In the first structure, the hydrogen atoms are located symmetrically between the two carbon atoms, and in the second structure, the hydrogen atoms are located symmetrically with the carbon atoms between them. We shall use the labels C s uH•••HuC s and HuC s •••C s uH, respectively, for the two structures.
A. Method
The equilibrium structure, vibrational modes, and electronic properties of C s uH•••HuC s and HuC s •••C s uH were calculated using local-density-functional cluster theory. 19 The starting point of the calculations was a hydrogen-terminated trigonal cluster of composition Si 44 H 42 . Two of the central silicon atoms were substituted for by carbon atoms, and one hydrogen atom was attached to each carbon atom, either with the hydrogen atoms between the carbon atoms, or at antibonding sites to the carbon atoms. The basis set used in the calculation consist of n independent s and p Gaussian functions to represent the cluster wave function, and m independent s functions for the charge density. The values of (n,m) used in this work were Si ͑8,8͒, C ͑8,8͒, and H ͑3,4͒ for the defect atoms and the six silicon atoms neighboring the defect. The other bulk silicon atoms and the surface hydrogens were modeled using fixed linear combination of Si ͑8,8͒ or H ͑2,3͒ Gaussians at each site. In addition, further functions of the form ͑2,3͒ were placed between all neighboring pairs of atoms except the surface hydrogen. The same basis set has been used previously to describe the carbon modes in SiGe alloys with conspicuous success. 20 Finally, to find the equilibrium structure of C s uH•••HuC s ͑or HuC s •••C s uH), all atoms in the cluster were relaxed to minimize the energy. that C s uH•••HuC s may be the defect observed. Three distinct degenerate structural minima were discovered, with two forms possessing C 2h symmetry with the hydrogen atoms displaced off the trigonal axis to give an angle between the CuC axis and the CuH bonds of either 12.5°or 0.5°. The third minima possesses exact D 3d symmetry. Since these structures are degenerate this suggests that the hydrogen atoms can easily reorient, leading to a structure with effective D 3d symmetry, see Fig. 7 .
B. Results
After energy optimization the C
The relaxed C s uH•••HuC s structure does not give rise to any one-electron levels within the band gap. Hence this defect is electronically inactive, as expected due to the lack of elongated or broken bonds.
The calculated frequencies of the infrared-active local vibrational modes of C s uH•••HuC s in the structure with D 3d symmetry are compiled in Table I . We note that only modes with frequencies above the Raman frequency at 524 cm Ϫ1 are included in the for the 654.7-cm Ϫ1 mode.
V. DISCUSSION
A. Identification of local vibrational modes
Based on our observations and ab initio calculations, described in Secs. III and IV, we ascribe the absorption lines at 654.7, 911.7, and 2967.4 cm Ϫ1 to local vibrational modes of C s uH•••HuC s , which has a point group D 3d . We identify the 654.7-cm Ϫ1 mode as a two-dimensional E u mode, which primarily involves stretching and bending of SiuC bonds. The 911.7-and 2967.4-cm Ϫ1 modes are ascribed to the ungerade combinations of CuH bending and stretching vibrations, respectively. Hence the 911.7-cm Ϫ1 mode is an E u mode, and the 2967.4-cm Ϫ1 mode is an A 2u mode. At this point we note that the stress-induced splitting of the 2967.4-cm Ϫ1 mode supports the C s uH•••HuC s structure over the HuC s •••C s uH structure. As can be seen from Fig. 5 , the largest stress-induced frequency shift of the A 2u mode is observed for ͓111͔ stress with the light polarized along the same axis. Therefore, the largest shift is obtained when the stress is along the symmetry axis of the defect. For C s uH•••HuC s , stress along the symmetry axis leads to a shortening of the CuH bonds, due to the repulsive interaction between the hydrogen atoms. Thus we expect that a large and positive frequency shift of the A 2u mode in this case is applied, in agreement with our observations. For the H 2 * defect in silicon, 21 the SiuH AB stretch mode of the antibonding hydrogen displays a small and negative shift when the stress is applied along the trigonal axis. Because the SiuH AB bond of H 2 * and the CuH bonds of HuC s •••C s uH are structurally and chemically alike, we presume that the A 2u mode of HuC s •••C s uH will shift only slightly, and possibly downward, in frequency when stress is applied along the trigonal axis.
Previously, Pajot et al. 10 identified the 2967.4-cm Ϫ1 line as a local vibrational mode of a nitrogen-hydrogen defect. This identification is in conflict with our identification of the 2967.4-cm Ϫ1 mode.
B. Fermi resonance
In this section, we discuss the isotope shifts of the E u modes of C s uH•••HuC s when hydrogen or 12 C are replaced by deuterium or 13 C. According to our identification, the frequency of the ungerade CuH bend mode of C s uH•••HuC s is 911.7 cm Ϫ1 . Therefore, the corresponding mode of C s uD•••DuC s would be expected to be at ϳ911.7/1.36ϭ670 cm Ϫ1 , as mentioned in Sec. III A. However, this brings the CuD bend frequency close to that expected for the Siu 12 C stretch mode at 654.7 cm Ϫ1 . Because the two modes belong to the same irreducible representation E u , even a weak anharmonic term coupling the two modes can produce a significant frequency shift of both modes ͑Fermi resonance͒. [22] [23] [24] As can be seen from Fig. 2͑b͒ , the 12 CuH bend mode at 911.7 cm Ϫ1 has about the same intensity as the 12 CuH stretch mode at 2967. 
͑3͒
where ␣͕H,D͖ and ␤͕ 12 C, 13 C͖. When the B term can be neglected, the coupling constant ⌬ ␣␤ depends on the isotope masses in the following way 25 :
The 4ϫ4 secular problem, which must be solved to find the mode frequencies is reduced to two identical 2ϫ2 secular problems, as expected since two E u modes should result. The frequencies of the coupled modes and the appropriate wave functions obtained from the secular problem are
where ϭͱ( ␣ Ϫ ␤ ) 2 ϩ4⌬ ␣␤ 2 and ␣ and ␤ are the unperturbed frequencies, and ␣ and ␤ are the unperturbed wave functions of the CuH bend mode and SiuC stretch mode, respectively. Thus, we have five unknown and independent parameters H , D , 12 C , 13 C , and ⌬ H 12 C , which can be adjusted to account for the six observed frequencies. The values of these parameters, compiled in Table  II 
C. Intensities of local vibrational modes
The concentration of C s uH•••HuC s defects may be calculated from the intensity of one of the local modes provided that the corresponding effective charge 26 is known. The frequency of the 654.7-cm Ϫ1 mode is fairly close to the local mode of C s at 607 cm Ϫ1 , and the SiuC bonds in C s uH•••HuC s are similar to those of C s . Therefore, we suggest that the effective charge C of the SiuC mode of C s uH•••HuC s at 654.7 cm Ϫ1 is nearly the same as that of the C s mode at 607 cm Ϫ1 , i.e., C ϭͱ2/3ϫ2.4eϭ2.0 e. 27 The factor of ͱ2/3 corrects for the fact that the 654.7-cm Ϫ1 mode is two dimensional, whereas the 607-cm Ϫ1 mode is three dimensional. If ␣ 655 denotes the absorption coefficient of the local mode at 654.7 cm Ϫ1 , the concentration of carbon atoms, N C , involved in C s uH•••HuC s can be estimated from 25 ͵ ␣ 655 ͑ ͒dϭ
where n R is the refractive index, c the velocity of light, m C the mass of the carbon atom, and ϭ Ϫ1 the wave number. From the absorbance data shown in Fig. 2͑b͒ , the integral of ␣ 655 () is 0.098 cm Ϫ2 at maximum. In order to estimate the concentration of the C s uH•••HuC s defects, the value of N C obtained from Eq. ͑7͒ should be divided by two since both carbon atoms contribute to the absorption. With the intensity stated above, we obtain N C s uH•••HuC s Ϸ1.1 ϫ10 16 cm Ϫ3 . The integral of ␣ 2967 () at maximum is 0.014 cm Ϫ2 . With this value and using Eq. ͑7͒ for a hydrogen mode, the effective charge of the 2967.4 cm Ϫ1 mode is estimated to H ϭ0.22e. This small value may explain why CuH modes in silicon previously escaped observation by infrared absorption spectroscopy. Finally, we shall comment briefly on the formation mechanism of C s uH•••HuC s . We suggest that the defect is formed when migrating hydrogen atoms become trapped by the C s uC s defect, which was identified recently. 28, 29 It was shown that room-temperature electron irradiation is the most efficient way to form C s uC s . 28, 29 We find that electron irradiation at room temperature preceding the proton implantation leads to higher yield of C s uH•••HuC s than the proton implantation alone. This finding supports the proposed formation mechanism.
VI. CONCLUSION
Three local vibrational modes of a trigonal dicarbondihydrogen defect have been observed by infraredabsorption spectroscopy. The modes are assigned to a defect, which involves two adjacent substitutional carbon atoms, each binding to a hydrogen atom located on the trigonal axis. The frequencies of this defect, calculated by ab initio theory, are in good agreement with our observations. 
